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The ability to accumulate tyramine and 2-phenylethylamine by two strains of
Enterococcus faecalis and two strains Enterococcus faecium was evaluated in two
cultural media added or not with tyrosine. All the enterococcal strains possessed
a tyrosine decarboxylase (tyrDC) which determined tyramine accumulation in all the
conditions tested, independently on the addition of high concentration of free tyrosine.
Enterococci differed in rate and level of biogenic amines accumulation. E. faecalis EF37
and E. faecium FC12 produced tyramine in high amount since the exponential growth
phase, while 2-phenylethylamine was accumulated when tyrosine was depleted. E.
faecium FC12 and E. faecalis ATCC 29212 showed a slower tyraminogenic activity
which took place mainly in the stationary phase up to 72 h of incubation. Moreover,
E. faecalis ATCC 29212 produced 2-phenylethylamine only in the media without
tyrosine added. In BHI added or not with tyrosine the tyrDC gene expression level
differed considerably depending on the strains and the growth phase. In particular,
the tyrDC gene expression was high during the exponential phase in rich medium
for all the strains and subsequently decreased except for E. faecium FC12. Even if
tyrDC presence is common among enterococci, this study underlines the extremely
variable decarboxylating potential of strains belonging to the same species, suggesting
strain-dependent implications in food safety.
Keywords: enterococci, tyramine, 2-phenylethylamine, tyrDC gene expression, intraspecific variability
Introduction
Tyramine is a biogenic amine (BA) deriving from the microbial decarboxylation of tyrosine. It
can have severe acute eﬀects if ingested in excessive amounts with food, causing an hypertensive
syndrome known as “cheese reaction,” which consists in peripheral vasoconstriction, increased
cardiac output, increased respiration, elevated blood glucose, and release of norepinephrine
(McCabe-Sellers et al., 2006; Marcobal et al., 2012).
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Lactic acid bacteria (LAB) are among the most eﬃcient pro-
ducers of tyrosine decarboxylase (tyrDC), the enzyme respon-
sible for tyramine formation. In LAB, BA formation provides
metabolic energy and/or acid resistance (Molenaar et al., 1993;
Fernández and Zúñiga, 2006). The presence of this enzyme
is widespread among all LAB species (Marcobal et al., 2012).
However, LAB belonging to the genus Enterococcus are rec-
ognized as the most eﬃcient tyramine producers (Suzzi and
Gardini, 2003; Özogul and Özogul, 2007; Capozzi et al., 2011;
Kuley and Özogul, 2011; Ladero et al., 2012).
Tyramine production is considered a species characteristic
of Enterococcus faecalis and also many strains of E. faecium
possess this ability (Ladero et al., 2012). The E. faecalis tyrDC
region was the ﬁrst tyrDC locus described in prokaryotes (Connil
et al., 2002). In E. faecalis, upstream the tyrDC gene, an ORF
can be found (tyrS), responsible for a tyrosyl tRNA synthetase
involved in an ATP-dependent activation of tyrosine by form-
ing an enzyme-bound tyrosyl-adenylate intermediate (Marcobal
et al., 2012). This tyrS could act as a sensor of the intracellu-
lar tyrosine pool to regulate tyrosine decarboxylation (Linares
et al., 2012). The ORF (tyrP) located downstream of tyrDC
encodes a tyrosine-tyramine antiporter. The three genes are co-
transcribed in some strain (Connil et al., 2002; Marcobal et al.,
2012). In addition, in enterococci downstream of tyrP an ORF
was found related to a gene encoding for an Na+/H+ antiporter
(nhaC-2) (Pessione et al., 2009; Marcobal et al., 2012). It has
been demonstrated that the tyrDC of many tyraminogenic LAB,
and especially enterococci, can decarboxylate, although with a
lower eﬃciency, phenylalanine producing 2-phenylethylamine, a
BA with characteristics very similar to tyramine (Marcobal et al.,
2006).
Enterococci occur in many diﬀerent habitats and, due to their
association with the gastrointestinal tract, they are often contam-
inant in food of animal origin (Franz et al., 2003, 2011). When
present in the raw material, enterococci can survive to the fer-
mentation process and can be found in fermented foods such as
sausages and cheeses in which they can have a relevant role dur-
ing ripening (Giraﬀa, 2003; Franz et al., 2011). Due to their salt
and pH tolerance, as well as their ability to grow over a wide tem-
perature range, these LAB are particularly competitive especially
when the environmental conditions become harsher, and can be
a relevant component of the ripening microbiota of fermented
foods. Their beneﬁcial technological properties and their positive
impact on ripening and aroma formation in fermented sausages,
cheeses, and olives are reported by several authors. In addition,
some strains showed probiotic features, while many enterococci
produce bacteriocins able to limit the growth of pathogenic and
spoilage microorganisms (Fisher and Phillips, 2009; Franz et al.,
2011).
On the other hand, enterococci are among the most common
nosocomial pathogens and they can be responsible for endo-
carditis, bacteremia, as well as urinary tract, central nervous
system, intra-abdominal, and pelvic infections. In addition, ente-
rococci are also known for their multiple antibiotic resistance
(including vancomycin), which is in some case carried on mobile
genetic elements transferable to other microorganisms (Klein,
2003). Moreover, several enterococci virulence factors have been
described, such as cytolysins, aggregation substances, and gelati-
nase extracellular surface proteins (Foulquié Moreno et al., 2006).
Finally, the presence of excessive content of tyramine in cheese
and fermented meat is often attributed to these microorganisms
(Joosten and Northolt, 1989; Suzzi and Gardini, 2003; Foulquié
Moreno et al., 2006; Komprda et al., 2008).
The aim of this research was to study the tyramine and 2-
phenylethylamine accumulation by four tyraminogenic strains
of Enterococcus, two belonging to the species E. faecalis (EF37
and ATCC 29212) and two to the species E. faecium (FC12
and FC643). The ability to accumulate BAs was tested in a rich
cultural medium, which does not limit enterococcal growth,
and in a poor medium enhancing BA production (Bover-Cid
and Holzapfel, 1999). Both media were tested with or with-
out the addition of the precursor (tyrosine). In addition, the
tyrDC gene expression of the four enterococci was analyzed by
reverse transcription-quantitative real time PCR (RT-qPCR) dur-
ing growth in rich medium in presence or not of the precursor.
Materials and Methods
Enterococcal Strains and Growth Conditions
The strains E. faecalis EF37 and ATCC 29212, E. faecium FC12,
and FC643 were used in this work. E. faecalis EF37 and E. faecium
FC12 were previously isolated from traditional Italian cheese
while E. faecium FC643 were isolated from silage. The strains
were stored in 20% (w/v) glycerol at −80◦C and pre-cultivated
for 24 h at 37◦C in BHI Broth (Oxoid, Basingstoke, UK) added
with 800 mg/l of tyrosine (Sigma–Aldrich, Gallarate, Italy).
After 24 h of pre-cultivation, the microorganisms were inocu-
lated, at a concentration of approximately 6.5 log CFU/ml, in BHI
Broth and in Bover-Cid and Holzapfel broth, a medium proposed
to highlight the BA formation (BAM; Bover-Cid and Holzapfel,
1999), added or not with 800 mg/l of tyrosine and incubated at
37◦C for 96 h. At deﬁned times (1, 2, 3, 4, 5, 6, 7, 8, 24, 48,
72, and 96 h), the changes of optical density at 600 nm (OD600)
were monitored. The modiﬁcation of pH was determined by a
pHmeter Basic 20 (Crison Instruments, Barcelona, Spain).
The maximum cell concentration reached in stationary phase
was determined after 24 h of incubation by plate counting entero-
cocci onto BHI agar. In addition, 2ml aliquots of each culture was
centrifuged at 3000 rpm for 10 min and the obtained cell pellets
were frozen at −80◦C.
Growth Parameters
The evaluation of enterococcal growth in the diﬀerent media was
performed by measuring the OD600 with a UV–VIS spectropho-
tometer (UV-1204, Shimadzu Corporation, Kyoto, Japan) with
plastic cuvettes (1.5 ml). The OD600 data were ﬁtted with the
Gompertz equation as modiﬁed by Zwietering et al. (1990).
y = k + Ae−e[(
μmaxe
A )(λ−t)+1]
where y is the OD600 at time t, A represent the maximum OD600
value reached, μmax is the maximum OD600 increase rate in
exponential phase and λ is the lag time.
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Biogenic Amine Determination
The BA were determined after 4, 8, 24, 48, 72, and 96 h of incu-
bation. The cultures were centrifuged at 10000 rpm for 10 min
at 10◦C, and the supernatants were used for BAs determina-
tion by HPLC after derivatization with dansyl-chloride (Sigma–
Aldrich, Gallarate, Italy) according to Martuscelli et al. (2000).
The BA content was analyzed using a PU-2089 Intelligent HPLC
quaternary pump, Intelligent UV–VIS multiwavelength detector
UV 2070 Plus (Jasco Corporation, Tokio, Japan) and a man-
ual Rheodyne injector equipped with a 20 μl loop (Rheodyne,
Rohnert Park, CA, USA). The quantiﬁcation was performed
according to Tabanelli et al. (2012) and the amount tyramine and
2-phenylethylamine were expressed as mg/ml by reference to a
calibration curve obtained with standard solutions.
Nucleic Acid Extraction from Enterococcal
Cultures
Total DNA was isolated from cell pellets by using the Wizard
Genomic DNA puriﬁcation system (Promega Corporation,
Madison, WI), following the manufacturer’s instructions.
For total RNA extraction, cells were washed twice with
500 μl of sterile diethyl pyrocarbonate (DEPC)-treated water
and shaken three times at the maximum speed for 30 s at 10-
s intervals with 500 μl of LETS (200 mM LiCl, 20 mM EDTA,
20 mM Tris, 0,4% SDS, 0,1% DEPC), 500 mg of 450 μm-
diameter glass beads (Sigma–Aldrich), 500 μl of phenol pH
4.7-chloroform-isoamyl alcohol (25:24:1 v/v; Sigma–Aldrich) in
a cell disrupter (Mini-BeadBeater, BioSpec Products, Bartlesville,
OK, USA). After centrifugation (4◦C, 13000 rpm, 10 min), the
supernatant was twice treated with 600 μl of chloroform-isoamyl
alcohol (24:1 v/v; Sigma–Aldrich), added with 60 μl of 3 M
sodium acetate, 1 ml of ice-cold absolute ethanol and left for
1 h at −80◦C. Total RNA was pelleted by centrifugation at
13000 rpm for 5 min at 4◦C, washed with 200 μl of ethanol
70%, and dissolved in 30 μl of sterile water (RNAse- and DNAse-
free).
DNA elimination was performed using 50 U of RNase-free
DNase I recombinant (Roche Diagnostic, Germany) in 50 μl of
DNAse reaction buﬀer (40 mM Tris-HCl, 10 mM NaCl, 6 mM
MgCl2, 1 mM CaCl2, pH 7.9) for 30 min at 25◦C. A PCR assay
was carried out to check for any contaminating DNA, and, when
necessary, the DNase treatment was repeated.
DNA and RNA integrity, concentration, and purity were
checked by electrophoresis on a 1,5% (wt/vol) agarose gel and
by measurement with the NanoDropTM Lite Spectrophotometer
(Thermo Fisher Scientiﬁc Inc., Waltham, MA, USA).
DNA and DNA-free RNA samples were stored at −20◦C and
−80◦C, respectively, until use.
PCR Amplification and Expression of the
tyrDC Gene
A tyrDC fragment of about 336 bp was ampliﬁed using the
primers DEC5 (5′-CGT TGT TGG TGT TGT TGG CAC NAC
NGA RGA RG-3′) and DEC3 (5′-CCG CCA GCA GAA TAT
GGA AYR TAN CCC AT-3′), following the PCR conditions
described previously (Torriani et al., 2008). PCR product was
visualized on a 2% agarose gel.
Total cDNA was synthesized from 1 μg of RNA using the
ImProm-IITM Reverse Transcriptase kit (Promega, USA), fol-
lowing the manufacturer’s recommendations.
The expression level of the tyrDC gene was analyzed by a RT-
qPCR assay with primers TYR3f (5′-CGT ACA CAT TCA GTT
GCA TGG CAT-3′) and TYR4r (5′-ATG TCC TAC TTC TTC
TTC CAT TTG-3′); thermo cycler, reaction mixture, and ampliﬁ-
cation program were described in Torriani et al. (2008), as well as
the procedure of the absolute quantiﬁcation of the tyrDC copies
number.
Statistical Analysis
The growth model was ﬁtted using the statistical package
Statistica for Windows 6.1 (Statsoft Italia, Vigonza, Italy).
Results
Growth and pH Modification in Cultural
Media
The growth of four enterococcal strains, i.e., E. faecalis EF37 and
ATCC 29212, and E. faecium FC12 and FC643, was monitored by
measuring the OD600 increase in the absence or in the presence
of tyrosine (800 mg/l) added in BHI and BAMmedia. The OD600
changes were modeled with the Gompertz equation (Zwietering
et al., 1990) and the estimates of the parameters are reported in
Table 1.
When inoculated in BHI medium, all the strains reached the
maximum value of OD600 after 8 h of incubation at 37◦C, inde-
pendently on the presence of tyrosine. Given the high initial
inoculums (about 6 log CFU/ml), the lag phase (λ) was always
very short and it was followed by a sharp increase of OD600,
whose maximum values (estimated by the A parameter of the
equation) ranged between 0.9 and 1.2. In particular, the absence
of tyrosine favored the reaching of higher OD600 values for the
two E. faecalis strains, and for E. faecium FC643. By contrast, no
diﬀerences in the maximum OD600 were found for E. faecium
FC12 in relation to the presence of tyrosine added.
Table 1 reports also the cell counts detected in the stationary
phase (determined after 24 h incubation). In BHI no diﬀerences
were detected in relation to the strain and to the addition of
tyrosine. In fact, the counts revealed ﬁnal cell concentrations
comprised between 9.30 and 9.52 log CFU/ml.
All the strains, as expected, showed lower growth extent in
BAM if compared with BHI. BAM is considered a poor medium
and the energetic supply provided by aminoacid decarboxylation
(and, consequently, by BA formation) became fundamental to
support microbial growth. The more stringent conditions pro-
vided by this medium are reﬂected also in the lower OD600
reached in the stationary phase. Anyway, the OD600 was always
higher in the BAM not supplemented with tyrosine (Table 1).
Also cell counts in stationary phase conﬁrmed this behavior and
were always higher in the medium without tyrosine, with the
exception of the strain E. faecium FC643 in which no diﬀerences
related to the presence of the aminoacid were found.
During incubation, the pH of the media was also monitored
and the data are reported in Figure 1. The results in BHI were
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TABLE 1 | Gompertz equation parameters for enterococcal growth measured as OD600.
Strain Cultural medium Gompertz equation parametersa R2 Residual mean square
error (RMSE)
Maximum cell concentration
(log CFU/ml)
A μmax λ
EF37 BHI + tyrb 0.947 0.767 2.532 0.977 0.042 9.40 (±0.13)
BHI 1.029 0.601 2.030 0.954 0.068 9.42 (±0.13)
BAM + tyrc 0.600 0.171 2.619 0.991 0.024 8.95 (±0.14)
BAM 0.803 0.192 2.121 0.993 0.031 9.04 (±0.11)
ATCC 29212 BHI + tyr 0.899 0.494 2.399 0.989 0.013 9.30 (±0.15)
BHI 1.014 0.632 2.109 0.990 0.069 9.48 (±0.19)
BAM + tyr 0.544 0.191 3.455 0.989 0.049 8.52 (±0.15)
BAM 0.788 0.252 2.544 0.992 0.043 8.80 (±0.14)
FC12 BHI + tyr 1.119 1.170 3.589 0.996 0.029 9.34 (±0.12)
BHI 1.095 0.559 2.848 0.995 0.054 9.35 (±0.16)
BAM + tyr 0.362 0.132 1.882 0.989 0.037 8.33 (±0.14)
BAM 0.425 0.124 2.077 0.993 0.039 8.31 (±0.17)
FC643 BHI + tyr 1.114 0.566 2.876 0.983 0.047 9.38 (±0.09)
BHI 1.191 0.584 2.158 0.989 0.036 9.52 (±0.13)
BAM + tyr 0.739 0.177 1.635 0.992 0.028 8.46 (±0.20)
BAM 0.807 0.187 1.445 0.993 0.028 8.72 (±0.11)
R2 and RMSE are given as diagnostics of the regression. The maximum cell concentrations (expressed as log CFU/ml) at the beginning of the stationary phase is also
reported.
aA, maximum OD600 value reached; μmax, maximum OD600 increase rate in exponential phase (OD600/h); λ, lag phase duration (h).
bBHI Broth plus 800 mg/l tyrosine.
cBover-Cid and Holzapfel medium (BAM) plus 800 mg/l tyrosine.
specular to the growth curves for all the strains, and the pH
decrease within the ﬁrst 8 h was of about 1.5 units, and was quite
constant during the remaining incubation period. In the samples
added with tyrosine the pH value was higher of about 0.5 units,
both at the beginning and at the end of incubation.
As far as BAM, the initial pH was 5.5 and only a slight decrease
was observed in the ﬁrst 8 h of incubation. This behavior can be
attributed to the higher buﬀering potential of the medium. After
the ﬁrst 8 h, the pH showed a slight increase determined by the
accumulation of BAs.
Biogenic Amine Production in the Cultural
Media Not Added with Tyrosine
Both the media used for the trials contained, in diﬀerent amount,
aminoacid sources (proteins and peptides) among which precur-
sors for tyrDC were present, allowing a decarboxylase activity of
the strains also in the absence of tyrosine added. The amounts of
tyramine and 2-phenylethylamine produced during the growth
in these media are reported in Figures 2 and 3.
Enterococcus faecalis EF37 was able to produce tyramine in
both media. However, the ﬁnal amount after 72 h did not exceed
70 mg/l in BHI and 90 mg/l in BAM (Figure 2A). These values
did not signiﬁcantly change prolonging the incubation up to 96 h
(data not shown). The maximum tyramine concentration was
observed in the samples taken after 24 h of incubation. Also 2-
phenylethylamine was produced under the same conditions and
this BA was gradually accumulated reaching a concentration of
about 270 mg/l in BHI and 130 mg/l in BAM after 72 h. E. fae-
calis ATCC 29212 showed an analogous decarboxylating activity
even if lower tyramine amounts were produced in both media
(Figure 2C).
A similar trend was observed for E. faecium FC12, though
this strain accumulated in BHI higher concentrations of both the
BAs while an opposite trend was observed for BAM (Figure 3A).
Finally, E. faecalis FC643 showed the minor BA production in
both the media and produced only traces of 2-phenylethylamine
only in BHI (Figure 3C).
Biogenic Amine Production in the Cultural
Media Added with Tyrosine
Figures 2 and 3 report also the tyramine and 2-phenylethylamine
accumulation when tyrosine (800 mg/l) was added to the two
media. E. faecalis EF37 and E. faecium FC12 accumulated the
maximum tyramine concentration within the ﬁrst 8 h of incu-
bation both in BHI and BAM and the reaching of the station-
ary phase did not further increase signiﬁcantly these amounts
(Figures 2B and 3B, respectively).
Enterococcus faecalis EF37 was the most eﬃcient strain in
the conversion of tyrosine to tyramine and the ﬁnal concen-
tration of this BA was about 515 mg/l in BHI and 620 mg/l
in BAM. The behavior of E. faecium FC12 was similar, but the
ﬁnal amounts of tyramine were lower than E. faecalis EF37,
i.e., 505 and 360 mg/l of BA were produced in BAM and BHI,
respectively. In addition, both the strains began to produce 2-
phenylethylamine only after 8 h of incubation, i.e., when sta-
tionary phase and the maximum amount of tyramine have been
reached. The 2-phenylethylamine accumulation increased during
subsequent incubation and reached its maximum level at 72 h.
About 513 and 428 mg/l of this amine were produced in BHI by
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FIGURE 1 | Modification of the pH in BHI and Bover-Cid medium (BAM) with or without tyrosine. (A) E. faecalis EF37, (B) E. faecalis ATCC 29212,
(C) E. faecium FC12, (D) E. faecium FC643.
E. faecium FC12 and E. faecalis EF37, respectively, while lower
concentrations were detected in BAM (about 230 mg/l for both
the strains). In any case, these amounts were higher if compared
with the 2-phenylethylamine produced in the same media in the
absence of the tyrosine addition.
The presence of tyrosine determined a diﬀerent behavior in
the sample inoculated with E. faecalis ATCC 29212. Indeed, the
growth of this strain was characterized by a slowed rate of accu-
mulation of tyramine. This BA was mainly produced when the
cells reached the stationary phase and amounts of about 325 and
510 mg/l were detected only after 72 h of incubation in BHI and
BAM, respectively. In addition, no 2-phenylethylamine was pro-
duced in both the conditions, even if this ability was displayed in
the media without the addition of precursor (Figure 2D).
Enterococcus faecium FC643 showed a similar behavior and
reached in BAM a double concentration of tyramine with respect
to BHI (592 mg/l vs. 288 mg/l). Also E. faecium FC643 did not
accumulate 2-phenylethylamine when tyrosine was added to the
media (Figure 3D).
Expression of the tyrDC Gene in BHI Added
or Not with Tyrosine
All the enterococcal strains produced a 336-bp fragment char-
acteristic of the tyrDC gene with the degenerate primers
DEC5/DEC3 (data not shown), in accordance with their ability
to accumulate tyramine. Therefore, the expression of the tyrDC
gene could be evaluated by RT-qPCR during a period of 72 h.
The expression of tyrDC gene has been evaluated during the
enterococcal growth in BHI with or without tyrosine added.
As shown in Table 2, the tyrDC gene expression level dif-
fered considerably depending on the the strains and the growth
phase. In general, the two strains with the most eﬀective tyra-
minogenic activity showed since the beginning of incubation a
level of transcript considerably higher than the other strains. It
is important to note that the amount of tyrDC transcription is
given as absolute value and the higher amount detected after 2 h
did not correspond with the reaching of the maximum cell counts
during incubation. Thus, the cell showed a considerably higher
transcription activity during their early exponential phase.
Enterococcus faecalis EF37 displayed the highest level of tyrDC
transcription [up to 5–6 log (copies/μg cDNA)] during the expo-
nential phase of growth (2–5 h) in both media, according with
its great ability to accumulate tyramine. After that, a signif-
icant decrease was found in BHI without tyrosine, while the
tyrDC mRNA was rather high in BHI added with tyrosine, thus
supporting the sequential 2-phenylethylamine production.
The tyrDC gene expression of E. faecalis ATCC 29212 was
always lower (about two log units in the ﬁrst 8 h) if compared
with E. faecalis EF37. Its expression was higher in BHI without
added tyrosine at the beginning of the growth and transcription
decreased drastically after 8 h.
The strain E. faecium FC12, although exhibiting a phenotypic
behavior analogous to E. faecalis EF37, showed a very diﬀerent
trend of the tyrDC gene expression. Indeed, the transcript level
in both media was not related to the phase of growth, but it
was rather constant during the entire incubation period. For this
strain the high level of transcript after 24 h could determine the
increase of 2-phenylethyamine in both the media.
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FIGURE 2 | Amounts of tyramine and 2-phenylethylamine produced during the growth in BHI and Bover-Cid medium (BAM) without (A,C) and with
(B,D) tyrosine addition. (A,B) Enterococcus faecalis EF37, (C,D) E. faecalis ATCC 29212.
Finally, E. faecium FC643 exhibited a tyrDC gene expression
behavior similar to E. faecalisATCC 29212. However, it was char-
acterized by the lowest levels of tyrDC transcription after 4 h of
incubation.
Discussion
All the enterococcal strains used in these trials possessed an active
tyrDC which determined tyramine accumulation (even if at dif-
ferent level) in all the conditions tested, independently on the
addition of high concentration of free tyrosine. This fact clearly
indicated the possibility of the enterococci to decarboxylate
amino acids present in the proteic and peptidic ingredients used
for media preparation.
Recently, Liu et al. (2014a) showed that the activity of
puriﬁed recombinant tyrDCs of the strains E. faecalis R612Z1
and E. faecium R615Z1 was similar, and that the enzymes
exhibited higher speciﬁcity for tyrosine than for phenylalanine.
However, in our trials, diﬀerent behaviors of tyramine and 2-
phenylethylamine accumulation were observed in relation to the
strain. In particular, strains belonging to the same species (E.
faecalis or E. faecium) were characterized by diﬀerent responses
indicating that, if the presence of tyrDC is common among
enterococci, the decarboxylating potential can be extremely vari-
able. The transcriptional analyses of the gene tyrDC conﬁrmed
these observations. In recent years, a number of studies have
been conducted to evaluate the gene expression level of amino
acid decarboxylases on the BAs accumulation in diﬀerent food
and model systems (Gardini et al., 2008; Arena et al., 2011;
La Gioia et al., 2011; Rossi et al., 2011; Liu et al., 2014b).
However, up to now no studies have compared the tyrDC tran-
script levels in enterococcal strains of the same species. In the
present study a variability of the tyrDC gene expression in dif-
ferent strains of E. faecalis and E. faecium was evidenced for
the ﬁrst time. The two strains with the higher decarboxylat-
ing potential (E. faecalis EF 37 and E. faecium FC12) were
characterized by a higher transcription of tyrDC after 2 h of
incubation and the maintenance of a remarkably higher tran-
scription level throughout all the incubation period considered
here.
In contrast with Arena et al. (2011), who observed an
increase of tyrDC transcription in the presence of tyrosine for
Lactobacillus brevis IOEB 9809 in wine, in our conditions the
presence of the precursor in high amounts (800 mg/l) did
not enhance the transcript at the beginning of growth, but
stimulated a higher transcription during the successive incuba-
tion.
Linares et al. (2009) evidenced that the maximization of the
transcription of tyrDC and tyrP in E. durans was caused by a
tyrosine concentration comprised between 2 and 5 mM. In this
framework, the presence of tyramine added (800 mg/kg, i.e.,
4.42 mM) should be suﬃcient to reach a high level of tyrDC
transcript. Nevertheless, similar and often higher transcripts
were obtained also in the medium without the addition of the
precursor.
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FIGURE 3 | Amounts of tyramine and 2-phenylethylamine produced during the growth in BHI and Bover-Cid medium (BAM) without (A,C) and with
(B,D) tyrosine addition. (A,B) Enterococcus faecium FC12, (C,D) E. faecium FC643.
TABLE 2 | Tyrosine decarboxylase (tyrDC) gene expression level for enterococcal strains grown in BHI Broth and BHI Broth added with 800 mg/l tyrosine
during 72 h.
Time (h) Log (copies/µg cDNA)
Enterococcus faecalis EF37 E. faecalis ATCC 29212 E. faecium FC12 E. faecium FC643
BHI BHI + tyr BHI BHI + tyr BHI BHI + tyr BHI BHI + tyr
2 5.08 (±0.02) 4.79 (±0.06) 3.11 (±0.07) 2.60 (±0.08) 4.98 (±0.22) 3.91 (±0.18) 3.86 (±0.02) 2.79 (±0.02)
4 4.87 (±0.01) 6.11 (±0.02) 3.06 (±0.14) 3.25 (±0.02) 3.45 (±0.01) 3.49 (±0.07) 2.19 (±0.11) 2.65 (±0.01)
8 5.22 (±0.05) 5.03 (±0.05) 2.23 (±0.09) 2.07 (±0.09) 3.37 (±0.42) 2.98 (±0.19) 1.98 (±0.25) 0.98 (±0.34)
24 2.42 (±0.07) 4.15 (±0.05) 1.10 (±0.45) 1.61 (±0.17) 3.42 (±0.07) 4.61 (±0.24) 1.65 (±0.29) 0.84 (±0.06)
48 2.81 (±0.03) 3.38 (±0.03) 1.02 (±0.04) 1.83 (±0.01) 3.08 (±0.63) 4.37 (±0.02) 2.04 (±0.02) 1.24 (±0.02)
72 1.01 (±0.29) 4.10 (±0.12) 1.01 (±0.29) 1.61 (±0.02) 3.52 (±0.27) 3.47 (±0.68) 1.63 (±0.02) 1.11 (±0.20)
Enterococcus faecalis EF37 showed the higher tyramine pro-
duction and tyrDC gene expression in the presence of tyrosine
added to the media. In addition, independently on the media, E.
faecalis EF37 and E. faecium FC12 produced also high amount of
2-phenylethylamine, which were signiﬁcantly higher in the pres-
ence of tyrosine added. On the other hand, E. faecalis ATCC
29212 and E. faecium FC643 were not able to accumulate sig-
niﬁcantly 2-phenylethylamine when tyrosine was added; how-
ever, the same strains produced this BA in reduced amounts
in the absence of tyrosine in BHI if compared with the other
two strains and in the same magnitude in the poor medium
(BAM). The absence of 2-phenylethylamine in BAM and BHI
added with tyrosine and inoculated with E. faecalis ATCC 29212
and E. faecium FC643 reﬂected the lower eﬃciency of their
tyrDC and could indicate that for these strains the increasing
amount of tyramine can lower or inhibit further decarboxy-
lase activities. Concerning transcriptional analysis, the mainte-
nance of the tyrDC gene expression in the stationary phase of
growth could contribute to enhance 2-phenylethylamine biosyn-
thesis in enterococcal strains when the preferred precursor was
depleted.
However, in the case of the strains E. faecalis ATCC 29212
and E. faecium FC643, that accumulated gradually tyramine,
the tyrDC gene expression was still present at the end of the
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incubation period, but 2-phenylethylamine was not produced
because tyrosine was not entirely consumed after 72 h growth.
The early production of tyramine by E. faecalis EF37 and
E. faecium FC12 conﬁrms the results of Pessione et al. (2009),
who demonstrated that tyrDC activity in E. faecalis DISAV1022
reached its maximum level during the exponential growth
phase, suggesting that tyrosine decarboxylation was not sim-
ply a response to starvation or nutrient depletion typical of the
stationary phase.
By contrast, the strains E. faecalis ATCC 29212 and E. fae-
cium FC643 accumulate great part of tyramine after they reached
the stationary phase, independently on the addition of precur-
sor. However, these strains, although their transcript levels were
much lower respect to E. faecalis EF37, showed a tyrDC tran-
scription trend similar to E. faecalis EF37. In particular, these
proﬁles, were characterized by an higher expression during the
exponential phase followed by a decrease after 8 h of incubation.
Many authors reported the widespread ability of enterococci
to produce both tyramine and 2-phenylethylamine (Beutling and
Walter, 2002; Aymerich et al., 2006; Bonetta et al., 2008). This
characteristic was found also in some lactobacilli (Landete et al.,
2007), even if in other case a highly tyrosine selective tyrDC was
described (Moreno-Arribas and Lonvaud-Funel, 2001). Marcobal
et al. (2006) proved that tyrDC gene in E. faecium encoded
for a functional and dual decarboxylase resulting in tyrosine
and phenylalanine decarboxylation. Also Landete et al. (2007)
demonstrated that tyrDC present in LAB allowed the produc-
tion of 2-phenylethylamine. Pessione et al. (2009) carried out
a comparative proteomic investigation on E. faecalis, which
demonstrated a membrane bound tyrDC highly overexpressed
during the production of both tyramine and 2-phenylethylamine.
According to these authors, a yield of 100% was observed for
the conversion of tyrosine, which takes place since the exponen-
tial phase. On the other hand, the yield for 2-phenylethylamine
was lower (about 10%) and its production occurred in the sta-
tionary phase when tyrosine was exhausted. Also other authors
observed that phenylalanine is decarboxylated with a reduced
eﬃciency and only when the tyrosine become a limiting sub-
strate (Joosten, 1988; Latorre-Moratalla et al., 2014). Regarding
the diﬀerent amount of tyramine accumulated under the same
conditions, it has been demonstrated that the presence of high
amounts of tyrosine in the medium can reduce the tyramine pro-
duction by some LAB (Fernández et al., 2007). In other words,
the increase in the availability of the precursor did not necessarily
coincide with an increase in the decarboxylation.
The maximum yield for tyrosine conversion is 75.7%; then, in
this study a stoichiometric conversion of the aminoacid added
should produce a maximum theoretical level of 609 g/l of tyra-
mine. Taking into account that BHI without precursor supports
the production of 70–90 mg/l of tyramine, the maximum accu-
mulation of this BA showed by E. faecalis EF37 in the presence
of tyrosine is lower than this theoretical limit (about 150 mg/l
below). However, in these conditions a higher production of
2-phenylethylamine (150 mg/l above the yield in not supple-
mented BHI) occurred. The overproduction of this BA was
observed also in E. faecium FC12; however, in this case the
results were reached in the presence of lower tyramine concen-
tration. The same trend was also observed in BAM, in which E.
faecalis EF37 seems to operate an almost complete conversion
of the aromatic aminoacids added or naturally present in the
medium.
Conclusion
The presence of Enterococcus strains that can decarboxylate tyro-
sine and 2-phenylalanine is a serious concern in fermented food
for consumer’s health. Indeed, even if these activities are com-
mon among enterococci, this study underlines the extremely
variable decarboxylating potential of strains belonging to the
same species, suggesting strain-dependent implications in food
safety. In spite of the fact that all the strains tested here had the
tyrDC gene, the amounts of tyramine (and 2-phenylethylamine)
produced was strictly dependent on the amount of its tran-
scription, which was extremely diﬀerent among the strains.
The composition of the media also aﬀected and modulated the
amount and ratio of these BAs by tyraminogenic strains, indi-
cating the need of preventive measures to control BAs accu-
mulation in foods. Future researches will be planned to a deep
knowledge on the conditions which can favor the production
of BAs by enterococci and on the reasons which determine
the important diﬀerences among the transcripts of the same
gene. This could be ascribed to diﬀerent activity and speci-
ﬁcity of tyrDC enzyme or to diﬀerent regulation mechanisms.
In this regards, further studies have to be performed to better
explain the genetic and functional basis, and the environmen-
tal factors aﬀecting the diﬀerent decarboxylating potential of the
strains.
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